The stability of antipseudomonal ␤-lactams in concentrated solutions was examined in view of their potential administration by continuous infusion with external pumps (for intensive care patients) or with portable pumps carried under clothing (for cystic fibrosis patients). Aztreonam (100 g/liter), piperacillin (128 g/liter, with tazobactam), and azlocillin (128 g/liter) remained 90% stable for up to more than 24 h at 37°C (mezlocillin [128 g/liter] was stable at 25°C but not at 37°C). Ceftazidime (120 g/liter), cefpirome (32 g/liter), and cefepime (50 g/liter) remained 90% stable for up to 24, 23.7, and 20.5 h at 25°C but only for 8, 7.25, and 13 h at 37°C, respectively. The control of temperature therefore appears to be critical for all three cephalosporins that cannot be recommended for use in portable pumps carried under clothes for prolonged periods for reasons of stability. Cefpirome and cefepime solutions developed an important color change (from light yellow to dark red) upon exposure when stored at 30°C or higher. Degradation of ceftazidime was accompanied by the liberation of pyridine which, at 37°C, was in excess of what is allowed by the U.S. Pharmacopeia, i.e., 1.1 mg/liter, after 8 and 12 h for drug concentrations of 12 and 8.3%, respectively. Imipenem and meropenem are too unstable (10% degradation at 25°C after 3.5 and 5.15 h, respectively) to be recommended for use by continuous infusion. Faropenem, examined in comparison with imipenem and meropenem, proved as stable as aztreonam or piperacillin.
The stability of antipseudomonal ␤-lactams in concentrated solutions was examined in view of their potential administration by continuous infusion with external pumps (for intensive care patients) or with portable pumps carried under clothing (for cystic fibrosis patients). Aztreonam (100 g/liter), piperacillin (128 g/liter, with tazobactam), and azlocillin (128 g/liter) remained 90% stable for up to more than 24 h at 37°C (mezlocillin [128 g/liter] was stable at 25°C but not at 37°C). Ceftazidime (120 g/liter), cefpirome (32 g/liter), and cefepime (50 g/liter) remained 90% stable for up to 24, 23.7, and 20.5 h at 25°C but only for 8, 7.25, and 13 h at 37°C, respectively. The control of temperature therefore appears to be critical for all three cephalosporins that cannot be recommended for use in portable pumps carried under clothes for prolonged periods for reasons of stability. Cefpirome and cefepime solutions developed an important color change (from light yellow to dark red) upon exposure when stored at 30°C or higher. Degradation of ceftazidime was accompanied by the liberation of pyridine which, at 37°C, was in excess of what is allowed by the U.S. Pharmacopeia, i.e., 1.1 mg/liter, after 8 and 12 h for drug concentrations of 12 and 8.3%, respectively. Imipenem and meropenem are too unstable (10% degradation at 25°C after 3.5 and 5.15 h, respectively) to be recommended for use by continuous infusion. Faropenem, examined in comparison with imipenem and meropenem, proved as stable as aztreonam or piperacillin.
␤-Lactams are one of the most typical antibiotic classes for which the pharmacodynamic data, collected in vitro, as well as in animal studies, clearly indicate a potential advantage of a continuous infusion over the more conventional, discrete mode of administration (see references 6, 22, 23, 38 , and 41 for reviews). Accordingly, several clinical trials have been initiated over the last half-decade, most notably in difficult-to-treat situations such as suspected gram-negative infections in critically ill patients (3) , severe infections in intensive care patients (8, 16, 21, 24, 37) , septicemia (1) , severe sepsis (20) , and cystic fibrosis (29, 40 ). Yet, as clearly pointed out by one of the first promoters of the continuous infusion of ␤-lactams (6), this mode of administration, through programmable pumps or other similar devices, requires the drug to remain sufficiently stable in solution over the projected duration of the infusion. In a previous study (30) , we examined the stability of ceftazidime in solution and found it to be critically dependent on the temperature within the 20 to 37°C range (68 to 99°F). This sets clear limitations on the potential use of ceftazidime by continuous infusion if administrations every 24 h are contemplated without periodic changes of the solutions. Chemical considerations suggest that the stability of the main ␤-lactams currently registered for human medicine use may vary to a meaningful extent. Unfortunately, these variations, and their consequences as far as continuous infusion is concerned in the clinics, cannot always be deduced in a straightforward fashion from the manufacturer's stability data. The latter, indeed, mainly pertains to shelf storage conditions. In the present study, we examined and compared the stability of nine parenteral ␤-lactams (one monobactam, three ureidopenicillins, three broad-spectrum cephalosporins, and two carbapenems) with potential use for continuous infusion in severe infections in intensive care patients and in cystic fibrosis. All of these drugs show activity against gram-negative organisms, especially Pseudomonas aeruginosa, and have registered indications in this context. For the sake of comparison, we also included faropenem based on pilot studies with meropenem and imipenem and chemical considerations.
MATERIALS AND METHODS
Origin of products. All drugs that were commercially available in Belgium were obtained through a hospital pharmacy as brand name products distributed for clinical use by their original marketing authorization holder as follows: aztreonam (Azactam; Bristol-Myers/Squibb), piperacillin (Pipcil; Wyeth-Lederlee/American Home Products), piperacillin-tazobactam (Tazocin; Wyeth-Lederlee/American Home Products), ceftazidime (Glazidim; Glaxo-SmithKline), cefepime (Maxipime; Bristol-Myers/Squibb), cefpirome (Cefrom; AventisPharma), imipenem-cilastatin (Tienam; Merck, Sharp & Dohme), and meropenem (Meronem; AstraZeneca). Samples of azlocillin and mezlocillin (which are not commercially available in Belgium) were kindly provided by Bayer AG, Wuppertal, Germany; samples of faropenem were obtained from Suntory, Ltd., Gunma, Japan. Water for dissolving the drugs was obtained from a a MilliQ Academic ultrapure water system (Millipore Corp., Bedford, Mass.). All other reagents were of analytical grade (or for high-pressure liquid chromatography [HPLC] analysis) and were provided by E. Merck AG (Darmstadt, Germany) or Sigma-Aldrich (Steinheim, Germany).
Choice of concentrations and conditions of stability. The highest, clinically acceptable daily doses of each drug were determined based on officially approved recommendations for severe infections in intensive care patients or cystic fibrosis or on widely accepted clinical practice. Faropenem (which has no useful activity against P. aeruginosa) was only used for comparison purposes with imipenem and meropenem and was used at the same concentrations as were used for meropenem. All final figures are shown in Table 1 . For intensive care patients, we considered that the daily amount of drug would be placed in a volume of 48 ml (i.e., the standard volume of motor-operated syringe pumps) and infused at 25°C (room temperature). For cystic fibrosis patients, for whom home therapy was contemplated, we considered that the daily drug amount would be placed in a 125-ml motorless elastomeric pump carried under clothing (and, therefore, at temperatures close to 37°C). These considerations gave us a maximal drug concentration, as well as a range of temperatures, for practical stability testing. For most drugs, however, this maximal concentration proved to be impractical, either because of the development of an important color change at 37°C (cefpirome and cefepime at Ͼ32 g/liter and Ͼ50 g/liter, respectively, assessed against a white background by a trained inspector with solutions left at 37°C for 2 h after the solutions were prepared), unacceptable viscosity for unhindered flow from elastomeric pumps (e.g., meropenem at Ͼ64 g/liter, aztreonam at Ͼ100 g/liter, and ureidopenicillins at Ͼ128 g/liter, with a flow rate falling to Ͻ75% of the nominal flow), or limited solubility (imipenem plus cilastatin at Ͼ8 g/liter or the presence of nondissolved material when solutions were examined with the naked eye on a white and a black background 1 h after preparation). These drugs were therefore tested only at the highest practical concentration. Table 1 shows the maximal values actually used in our study.
Conditions of experiments. Antibiotics were dissolved in sterile water; diluted to the desired concentrations; immediately brought to 4, 25, or 37°C; and maintained at that temperature for up to 24 h under normal artificial laboratory light (aimed at mimicking the light environment of an intensive care unit). No attempt was made to use any diluent other than water since all solutions were highly hypertonic and infusion to patients would always take place at very low rates (typically between 33 and 86 l/min). No control of pH was attempted after we observed that the value reached for each drug upon dissolution in water from its clinically available form or from the sample received from the corresponding manufacturer (see Table 1 ) was actually offering the best stability. Samples were taken at appropriate times, and the drug residual concentration was determined immediately by HPLC after suitable dilution and then compared to freshly prepared standards. If the assays had to be delayed, samples were frozen at Ϫ80°C after we verified that no degradation would occur for several days under these conditions.
Analyses. Separations by HPLC for assessment of the stability of the ␤-lactams were made on LiChrospher 100RP-18 column (25 by 0.4 cm; 5 m; Merck KgaA, Darmstadt, Germany), except for cefepime for which a XTerrra RP-18 column (0.46 by 15 cm; 5-m-size beads; Waters, Milford, Mass.) was used. Analyses were made on a Spectra Physics P2000 system (Thermoquest, San Jose, Calif.) or on a Waters 2690 System (Waters Corp.), both of which were equipped with a diode array UV detector, and by using a injection volume of 25 l. Elution was isocratic for all drugs except for imipenem. (See Table 2 for details of the methodology and references to the original publications and the ranges of linearity and intraday coefficients of variation for all drugs [except in special circumstances, all assays for each experiment were made over a single 24-h period].) All conditions were selected to provide a retention time (R T ) of ca. 5 min and satisfactory separation from known degradation products (obtained by keeping samples for several days at 37°C; for example, the conditions used for ceftazidime allowed us to unambiguously detect the appearance of its ⌬ 2 isomer). To ensure that no degradation product would comigrate with the nondegraded drug, the full spectrum of the major peak (associated with the putatively nondegraded drug) in all samples showing signs of degradation was systematically recorded and compared to that of the intact drug. In preliminary experiments with aztreonam, we also verified that the intactness of the drug, as assessed by HPLC, corresponded to the maintenance of an unaltered microbiological activity (based on a disk-plate assay with Escherichia coli as the test organism). Pyridine released by ceftazidime was assayed as recently described (11) a That is, the highest recommended dosage for severe, life-threatening infection and/or cystic fibrosis, based on the official registration information (Belgian package inserts for all, except for imipenem [U.S. package insert data]); for faropenem, for which no pertinent registration data are available, the values of meropenem were used.
b Corresponding to the maximum daily dose in a volume of 48 ml (used for intensive care patients) for ceftazidime. For all other drugs, lower concentrations had to be used for the reasons indicated. Symbols: *, higher concentrations caused unacceptable viscosity; † , higher concentrations caused a marked change of color after a few hours at 37°C; ‡ , limit of solubility (precipitation observed at Ͼ10 g/liter).
c Value observed after dissolution of the product (supplied as for hospitalbased usage, except for azlocillin, mezlocillin, and faropenem) at the concentration indicated without adjustment. 
RESULTS
Stability studies. Figure 1 and Table 3 show the rate of degradation of all ␤-lactams investigated upon incubation for up to 24 h at 37°C and at the highest concentration tested. Table 3 gives the time during which each drug remained Ͼ90% stable, which is the limit set up by the U.S. Pharmacopeia (39) for most ␤-lactams, including those studied here. If we consider aztreonam and the ureidopenicillins first, it is evident that aztreonam and the piperacillin-tazobactam mixture had a satisfactory stability for at least 24 h at 37°C. Piperacillin without tazobactam was less stable, since 10% of the drug was already degraded at 22 h. Mezlocillin was the least stable molecule in this group. Moving to the cephalosporins, it is clear that three drugs tested showed essentially similar behaviors, being less stable than aztreonam or piperacillin since they had already undergone 10% degradation within 7 to 13 h. The greatest instability, however, was observed for the two parenteral penems, imipenem and meropenem (imipenem was tested only in the presence of cilastatin since pharmaceutical preparations of imipenem alone for clinical use were unavailable). These drugs, indeed, remained 90% stable for less than 3 h at 37°C and were degraded by up to 60 and 70% within 24 h at that temperature. In sharp contrast, however, faropenem displayed a remarkable stability with no more degradation than that shown by piperacillin-tazobactam within 24 h. These experiments were repeated at 4, 25, and 30°C to more fully delineate the limits of stability of each molecule. The results are presented summarized in Fig. 2 (where only one representative drug in each group is shown for the sake of clarity) and in Table 3 (where only data a Decays were monitored for 24 h; the slope was calculated by linear regression and used to determine the 90% stability time point. All data were rounded to the closest 15-min value. ND, not determined.
b 90% stability for at least 72 h, but the slope was too weak to calculate the 90% intercept value with accuracy from the 24-h decay data.
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presented since this temperature is of direct interest for practical clinical usage). It is clear that the degradation of all drugs was temperature dependent. Degradation could be almost completely abolished if the drugs were maintained at 4°C, with the notable exception of imipenem, which suffered almost as much degradation at 4°C as at 25°C (ca. 30% in 24 h). At 25°C, aztreonam and the two ureidopenicillins suffered only minor degradation after 24 h, whereas the three cephalosporins showed ca. 10% degradation within 20 to 24 h. The two parenteral penems showed a fast degradation (10% in 3 h 30 min and 5 h 15 min, respectively). Yet, faropenem demonstrated an almost complete stability. Finally, in view of the slight differences in stability between piperacillin and piperacillin plus tazobactam, all data concerning these two preparations were subjected to statistical evaluation by paired t test on all matched points (Table 4) , but this comparison showed only a trend toward a greater instability of the piperacillin alone versus the piperacillin plus tazobactam (lowest P value ϭ 0.0736). Release of pyridine from ceftazidime. Ceftazidime contains a pyridinium moiety in its C3 side chain and is known to release pyridine upon chemical degradation (42) . The U.S. Pharmacopeia (39) states that the pyridine content of ceftazidime solutions for intravenous administration cannot exceed 1.1 mg/ ml. We therefore tested for release of pyridine by quantitative methods. As shown in Fig. 3 , pyridine was found to be released in a time-, temperature-, and drug concentration-dependent fashion. While only minimal amounts of pyridine (Ͻ0.1 mg/ml) could be detected in freshly prepared samples, the storage of ceftazidime (12% [wt/vol]) at 37°C for 24 h caused a pyridine release of Ͼ4 mg/ml. The limit set forth by the U.S. Pharmacopeia (1.1 mg/ml) was actually already attained after less than 8 h at 37°C and between 16 and 24 h at 25°C at the highest concentration tested (i.e., 12%). This limit was not reached at 25°C within the 24-h time span if a lower drug concentration (8.3%) was used.
DISCUSSION
In vitro and animal pharmacodynamic studies have clearly demonstrated that ␤-lactams are time-dependent antibiotics that are more effective when administered by continuous infusion (7) . However, these drugs tend to be intrinsically unstable in aqueous media because of the high reactivity of their fourmember ␤-lactam ring (which is critical for their antibacterial action [17, 33] ). This ring is indeed very susceptible to hydrolysis through base catalysis combined with nucleophilic attack on the nitrogen atom (25) . It is therefore no surprise to observe significant degradation of ␤-lactams after dissolution in water-based media, especially if maintained at temperatures that are too high. Three key findings, with regard to the practical use of ␤-lactams, made here are that (i) at 37°C a significant degradation may indeed occur for some ␤-lactams, a finding that has immediate implications in daily practice; (ii) degradation rates vary widely among ␤-lactams in present clinical use, making determinations of the stability of each molecule essential in the context of its potential use by continuous infusion; and (iii) clear warnings must issued concerning the unsuitability of some ␤-lactams and certain clinical conditions for this type of administration. We know of no easily accessible and validated information in this context. Thus, our study shows that aztreonam and the ureidopenicillins (with the exception of mezlocillin) entirely fulfill the requirements of stability set forth by the U.S. Pharmacopeia (39), even when kept for 24 h at temperatures up to 37°C. These molecules can therefore be used in almost all clinical conditions, including administration from portable pumps carried under clothes, as occurs in the at-home therapy of cystic fibrosis patients. The situation is less favorable for the cephalosporins since the three drugs we tested here (and which probably represent the most useful ones in cases of severe infections) showed significantly less stability than penicillins. Chemical considerations suggest that cephalosporins are more reactive than penicillins, and thus less stable in water basedmedia, because of their C3 substituent, which acts as a leaving group (4, 5) (this hypothesis has, however, been challenged [26] ). Since the C3 substituents of ceftazidime, cefepime, and cefpirome (a pyridinium, a pyrrolidinium, and a 5H-cyclopentapyridinium, respectively) are all cationic, a common behavior of these molecules with respect to stability is not surprising. Globally, and of direct interest for the clinician, is the fact that neither of these three cephalosporins can be used for 24-h infusion if they are maintained at a temperature of Ͼ25°C. This conclusion is somewhat at variance with other studies, wherein it was concluded that ceftazidime and cefepime solutions could be kept at 24°C, or even at 30°C, and at pH 4.6 to 6.5 for ca. 2 days and yet maintain 90% of their initial concen- a Means of the data were subjected to unpaired t test which revealed a "notquite-significant" effect of the temperature for the degradation of piperacillin alone (P ϭ 0.079) and no significant effect (P Ͼ 0.1) for piperacillin-tazobactam. The same t test was used to assess a possible effect of the presence of tazobactam at each temperature point but again revealed a not-quite-significant effect (P ϭ 0.0736) at 37°C only. The significance of the differences between piperacillin alone and piperacillin-tazobactam was as follows: not significant (P Ͼ 0.1) at 4 and 25°C and P ϭ 0.0736 at 37°C.
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tration (14, 28, 43) . These studies, however, (i) used more diluted solutions, (ii) had the drug prepared in buffered media (which are not available to clinicians in a pharmaceutically validated form and may also not be sufficient in view of the high drug concentrations needed for the projected clinical use), and (iii) were not specifically designed to test the drug stability under pertinent conditions of clinical use.
Apart from the loss of active product, the release of potentially harmful degradation products upon storage of ␤-lactams must also be considered. As shown in our previous study (30) , the degradation of ceftazidime is accompanied by the release of at least three products: its ⌬ 2 isomer, an ethanal derivative, and pyridine. The latter two compounds arise from degradation of the ␤-lactam ring and the ensuing release of the C3 substituent of ceftazidime. While little is known about the safety of the ethanal derivative, pyridine is a well-known toxic, and the level of its release needs therefore to be accurately determined. This has already been studied by several authors (10, 11, 32, 42 ), but we considered it useful to reexamine this issue in order to unambiguously establish the link between drug instability and pyridine release in the projected conditions of clinical use. Our results not only confirm clearly this relationship but also demonstrate that pyridine release exceeds the limit considered acceptable by the U.S. Pharmacopeia (39) if the drug is kept at 37°C for more than a few hours. This reinforces our previous conclusion (30) . We are aware of a recent study (29) in which ceftazidime was infused to cystic fibrosis patients with the aid of portable pumps changed only every 24 h. Presumably, these pumps were carried under clothes, and the drug was therefore exposed to temperatures exceeding 25°C. While no adverse effect was reported, these authors did not address specifically the issue of pyridine toxicity nor did they check for the intactness of ceftazidime and release of pyridine under these conditions of use. We did not check in the present study for the release of degradation products from cefepime and cefpirome. However, the degradation of both cephalosporins has been shown to be accompanied by the release of compounds originating from their C3 substituents (namely, N-methylpyrrolidine for cefepime [12] and 6,7-dihydro-5H-1-pyrindine for cefpirome [34] ). We could not find public data concerning the toxicity of these compounds. It is also of interest that degradation studies in water have demonstrated the destruction of the cephem ring for cefepime (28) and the release of isomers for cefpirome (epi-cefpirome, ⌬ 2 -cefpirome, and anti-cefpirome [34] ). Again, no public information could be found concerning the toxicity potential of these compounds. Based on all of these considerations, it can be concluded that it is not safe to use ceftazidime, cefepime, or cefpirome for any clinical use that involves the storage of these drugs in aqueous solution at temperatures higher than 25°C for more than a few hours. More specifically, portable pumps carried under clothes should not be used in this way unless their content is renewed at least every 8 h. Conversely, ceftazidime, cefepime, and cefpirome appear to be suitable for infusion from external pumps in countries and, during periods of the year, in which the air temperature remains or can be made to remain lower than 25°C. The degradation of cefepime has been claimed to be slowed down by avoiding its exposure to light (28), but we consider this approach to be unpractical and unreliable under clinical conditions.
Finally, a clear warning must be raised against the use of parenteral carbapenems (i.e., imipenem and meropenem) for continuous infusion in view of their very unsatisfactory stability. Carbapenems and penems are usually considered to be intrinsically less stable than the corresponding carbapenams and penams because of the double bond in the five-member thiazoline or dihydropyrrole rings (through a decrease in the basicity of the leaving amine brought by the introduction of a conjugation in the tetrahedral intermediate [25] ). The chemical instability of imipenem is actually well known, and degradation of this drug has been shown to occur rapidly (half-life, Ͻ2 h), even in diluted solutions (35) . This instability results from complex oligomerization combining an intermolecular carboxyl group attack on the ␤-lactam group (favored by a weakly acidic environment) and an intermolecular reaction between the ␤-lactam and formimidoyl groups (favored by a weakly alkaline milieu [31] ). Meropenem degradation also occurs readily in water through hydrolysis and dimerization from intermolecular aminolysis, although it was claimed that improved stability, compared to other carbapenems, could result from the protective effect exerted by the 1-␤-methyl group against attack of the ␤-lactam ring (36) . Our data show that this protection is ineffective under the practical conditions of clinical use described here. It has been suggested that meropenem could be safely used for continuous infusion if kept at 4°C (18) . Our data confirm that meropenem is stable for 24 h if kept at 4°C, but the safety and applicability of this approach in the clinics remain dubious. Maintaining this low temperature is an absolute requirement, since Ͼ30% of drug degradation will occur at 25°C (we did not investigate intermediate temperatures since these are not easily controlled in a clinical environment). The clinician will therefore need to carefully weigh the potential advantages of the administration of meropenem by continuous infusion against the difficulties related to this need for a strict control of the temperature and the risks associated with a significant degradation (and release of compounds of unknown toxicity) should these stringent conditions of administration not be met. The situation is even worse for imipenem, which should not be considered for continuous infusion at any rate.
It is intriguing that faropenem, which shares with imipenem and meropenem the same unsaturation in its five-member ring, shows a remarkable stability. This could result from the fact that faropenem is not a carbapenem but a penem (i.e., it possesses a S atom in its five-member ring, which may reduce the intra-ring stress). Another possibility could be the absence of protonable group in the C3 substituent of faropenem (tetrahydrocyclofuranyl), making this drug a monoanionic compound, whereas the C3 substituents of imipenem (iminomethylaminoethyl; pK a ϭ 10.4) and of meropenem (pyrrolidinyldimethylaminocarbonyl; pK a ϭ 8) make both drugs zwitterionic at the pH at which they spontaneously equilibrated (i.e., pH 6.8, 7.8, and 8. In conclusion, we show here that the poor stability of ␤-lactam antibiotics in solution should not be underestimated if their use by continuous infusion is contemplated. We suggest here that each clinical situation and each drug be specifically examined not only in relation to a loss of activity but also for the release of potentially toxic compounds. It is only if investigations are conducted in an orderly and practice-oriented fashion that the clinician will be provided with specific and useful guidelines that will help him or her to safely optimize patient therapy based on sound pharmacodynamic principles.
